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Channelrhodopsin is a cation channel with the unique property of being activated by light. To
address structural changes of the open state of the channel, two variants, which contain either 1
or 2 wild-type cysteines, were derivatised with nitroxide spin label and subjected to electron
paramagnetic resonance spectroscopy. Both variants contained the C128T mutation to trap the
long-lived P5203 state by illumination. Comparison of spin–spin distances in the dark state and after
illumination reﬂect conformational changes in the conductive P5203 state involving helices B and F.
Spin distance measurements reveal that channelrhodopsin forms a dimer even in the absence of
intermolecular N-terminal cysteines.
Structured summary of protein interactions:
ChR2 and ChR2bind by electron resonance (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Shortly after the demonstration of light-gated cation channel
activity [1] channelrhodopsin-2 (ChR2) has received enormous
attention as a tool for neurophysiologists to optically trigger action
potentials and other cellular activities [2]. After ﬂash-photolytic
and electrophysiological characterization of ChR2 from Chlamydo-
monas reinhardtii, IR difference spectroscopy indicated large struc-
tural changes in the protein backbone in various intermediate
states [3,4] as well as a proton release and uptake event in the
course of the photocycle [5]. The recently published structure of
a ChR1/ChR2 (C1C2) hybrid variant [6] (Fig. 1) resolved at a resolu-
tion of 2.3 Å, displayed the overall arrangement of channelrhodop-
sin and provides a basis for probing structural changes at different
positions during channel activity. However, structural insight intothe activation of the channel upon photo-excitation of the chromo-
phore is lacking so far.
Conformational changes are here studied by site-directed spin
labeling in conjunction with EPR spectroscopy. Pulsed Electron
Double Resonance (pELDOR) spectroscopy [7] provides precise dis-
tance measurements between spin label sites in the 1.8–6 nm
range with sub-nm precision [8]. In microbial rhodopsins like the
proton pump bacteriorhodopsin (BR) and the sensory rhodopsin
II (SRII), the light-dependent movement of helix F has been de-
tected using EPR techniques [9–11]. Tilting of helix F in SRII in-
duces conformational changes in the cognate transducer II to
convey the light signal to the downstream components of the pho-
totactic signal cascade [12]. Visual, vertebrate rhodopsin, belong-
ing to the G-protein-coupled receptors, shows similar helix F
shifts monitored by EPR spectroscopy [8,13–15], indicating a gen-
eral action mechanism of retinal proteins.
For this study, two ChR2 variants, exhibiting delayed open
states, were designed to test for helix F displacements from the
dark state to the conducting state. Wild-type ChR2 has nine native
cysteines, which compete for labeling depending on their accessi-
bility. Our ChR2 variants have only one (C79) and two (C79,
C208) native cysteines remaining, respectively. These variants
enable site directed labeling on cysteine positions with the
thiol-selective spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-
3methyl)methanethiosulfonate (MTSL). C79 is in the loop connect-
ing helix A and B, adjacent to helix B whereas C208 is positioned at
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Fig. 1. ChR1/ChR2 chimera structure (PDB: 3UG9). The dimer assembly was generated with PISA [19]. (a) Side view: circles show the position of cysteines from an sequence
alignment with ChR2 [6]. Red/yellow dots indicate cysteines in the ChR2-C79/C208 variant exchanged for alanine/threonine. Green circles indicate the residual cysteines in
this variant. (b) View from cytoplasm: distances between the Ca-atoms of cysteine 79 and 208 are depicted with red dashed lines.
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onine [16,17] the variants were engineered in a way that the
photocycle intermediate P5203 , the conducting state, is accumulated
upon illumination, in contrast to the wild-type, which accumulates
P4804 , a desensitized state without ion conductance [18]. Since the
yeast Pichia pastoris has been shown to express sufﬁcient amounts
of ChR2 for biophysical studies [18], both variants were produced
in this host, spin labeled, the activity validated by FTIR spectros-
copy, and subjected to pELDOR measurements before and after
illumination.
2. Materials and methods
2.1. Construction of recombinant ChR2 and puriﬁcation
The ChR2 variant containing mutations C34,36,87,179,183,259A
and C128T but retaining wild-type cysteines 79 and 208 is abbre-
viated as ChR2-C79/208. A variant further reduced in cysteine 208
is named ChR2-C79. The variants were generated with oligonu-
cleotide-directed mutagenesis using PCR. The recombinant ChR2
sequences (coding for aa residues 1–307 of ChR2 and a 10 His-
tag) were inserted into the EcoRI/NotI site of pPIC9K (Invitrogen)
to generate a fusion to the alpha factor signal sequence of the vec-
tor. Variants ChR2-C79/208 and ChR2-C79 were heterologously ex-
pressed in the yeast P. pastoris strain SMD1163 as described in
Bamann et al. [17]. For puriﬁcation the cells were cracked at
2.7 kbar in a cell disruptor (Constant Systems, 1.1 kW). The mem-
branes with ChR2 were harvested at 186000g for 2–3 h and sol-
ubilized in 20 mM MES (pH 6), 100 mM NaCl, 2 M urea, 1% (w/v)
DM (Glycon Biochemicals) overnight at 4 C. The insoluble fraction
was removed by ultracentrifugation for 1.5 h at 186000g and
4 C. The supernatant was blended with 120 mM imidazole (ﬁnal
concentration) and loaded onto a Ni-NTA Sepharose column in an
ÄktaTM avant system (GE Healthcare). After two washing steps
with 60 and 120 mM imidazole a linear imidazole gradient from
60 to 500 mM was applied. ChR2 containing fractions were pooled
and concentrated with Amicon concentrators (50 kDa exclusion
size, Merck Millipore).
2.2. Derivatisation of ChR2 with MTSL
The cysteines of ChR2 variants were labeled overnight at pH 6
and 4 C with 20 times molar excess of MTSL in buffer containing
20 mM MES, 100 mM NaCl, 0.2% DM. Non-reacted label was re-moved by washings on Amicon concentrators. To determine the
labeling efﬁciency, both samples were measured in cw-EPR against
a TEMPOL standard sample of known concentration. Even after
careful washing, some remaining free spin label is present in the
sample. To separate that signal from the contributions of protein-
attached spin label, simulated spectra of free spin label were sub-
tracted from the measured data, allowing for the simultaneous
quantiﬁcation of free spin label content.
Taking into account measurement errors, the lower limits for
the resulting labeling efﬁciencies are >76% for C79 and >73% for
C208. The free label content was 6% and 8% respectively.
2.3. FTIR difference spectroscopy
Samples used for FTIR spectroscopy were concentrated to
10 mg/ml ChR2 in an aqueous solution of 20 mM MES at pH 6.0.
and 2% DM. For time-resolved FTIR experiments, approximately
4 ll of a ChR2 solution were dried on top of a BaF2 window. The
protein ﬁlm was rehydrated with the saturated vapor phase of a
glycerol/water mixture (2/8 w/w) [19] and placed into the FTIR
spectrometer (Vertex 80v, Bruker, Rheinstetten, Germany). The
sample holder was kept at a constant temperature of 5 C by a cir-
culating water bath (Julabo F25). The photoreaction in the IR
experiments was induced by illumination for 3 min with an LED
operating at 456 nm.
2.4. EPR measurements
Pulsed X-Band EPR-measurements were performed at 9.7 GHz
on a Bruker BioSpin (Rheinstetten, Germany) Elexsys E680 X-Band
spectrometer, using a Bruker SuperX-FT microwave bridge and
Bruker ER 4118X-MD5 dielectric ring resonator. Microwave ampli-
ﬁcation for pulsed experiments was achieved with an Applied Sys-
tems Engineering 117X traveling wave tube ampliﬁer. For ELDOR
experiments the E680 spectrometer was equipped with a Bruker
E580-400U microwave source. cw-EPR experiments were per-
formed on a home-built X-Band spectrometer, using a microwave
bridge ER 041 MR, microwave controller ER 048 R, magnet power
supply ER 081 S and ﬁeld controller BH 15, and Super-HQ cavity
resonator, all from Bruker. For signal detection a Stanford Research
SR810 lock-in detector (Stanford Research Systems, Inc., Sunny-
vale, CA, USA) was used. For pELDOR, the four pulse DEER sequence
[7] (Probe pulse sequence p/2 – s1 – p – s1 – s2 – p – s2 – echo with
the microwave pump pulse on the second frequency being swept
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Fig. 2. Light-induced FTIR difference spectra of ChR2 variants C128T (black) and
ChR2-C79/C208 unlabeled (red) andMTSL labeled (blue). The spectra were recorded
under photostationary conditions (after 3 min illumination, 456 nm) at 278 K. The
spectrum of the C128T variant was taken from Radu et al. [4].
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80 ns for both the p/2 and the p pulses was used. The relatively
long pulses were used to suppress nuclear modulations, since nu-
clear modulation averaging proved to be inadequate and full sup-
pression of nuclear modulation artifacts was paramount for
detecting the presence or absence of short distances in the
1.5 nm range. All cw-EPR measurements were performed at room
temperature. Low temperatures for pulsed experiments were
reached with Oxford CF-935 cryostats (Oxford Instruments,
Oxfordshire, United Kingdom). The temperature was controlled
using an Oxford ITC503 temperature controller. A temperature of
40 K was found to yield the best signal-to-noise ratio for ELDOR
experiments. For light activation the samples were illuminated
with 460 nm light for 3 min at 4 C and then rapidly frozen (for
pELDOR experiments) or immediately transferred into the spec-
trometer and measured (for cw-experiments).
2.5. Analysis
All data analysis was performed in MatLab (The MathWorks
Inc., Natick, Mass., USA). For the evaluation of ELDOR data the Mat-
Lab toolbox DeerAnalysis [20] was used. Label geometry simula-
tions were performed in MMM [21].
3. Results and discussion
Two variants were designed for the pELDOR measurements, one
with all cysteines exchanged except C79 (ChR2-C79), and one in
which C79 and C208 were left (ChR2-C79/C208). For both variants
the cysteine residues were replaced by alanines except C128 which
was substituted by threonine. ChR2-C79 shows expression levels
comparable to wild-type ChR2, the expression level of ChR2-C79/
208 was 4 times higher.
As depicted in Fig. 1, both cysteines are at the intracellular sur-
face of this integral membrane protein. The distance between both
cysteines is about 19 Å as derived from the crystallographic struc-
ture of chimeric C1C2. As has been previously reported [16,17],
replacement of cysteine at position 128 by threonine (C128T) leads
to slow photocycling phenotypes. The lifetime of the photocycle
intermediate P5203 is prolonged by several orders of magnitude
leading to the predominance of the P5203 state under photostation-
ary conditions [19]. The P5203 state was shown to be the open (con-
ducting) state of ChR2. Although the amino acid exchange in the
retinal binding pocket of ChR2 leads to complex alterations in
the photoreaction of the C128T mutant, the prolonged lifetime of
P5203 after illumination and the predominance of the P
520
3 state un-
der photostationary conditions makes this variant well suited to
study the conducting/open state of the ion channel [22].
To check for a potential inﬂuence of the mutations on the struc-
tural changes of ChR2, FTIR spectroscopy was performed. IR differ-
ence spectra of both variants (unlabeled and MTSL labeled) were
recorded in the dark state and under photo-stationary conditions
after 3 min illumination (456 nm) at 278 K conditions identical to
the EPR experiments presented below. Positive bands indicate
vibrations in the intermediate state after illumination which are
not present in the dark state whereas negative bands are due to
vibrations in the dark state, which are not observed in the interme-
diate state. The difference spectra of the ChR2-C79 (Fig. 4 in Sup-
porting information) and ChR2-C79/C208 variants (Fig. 2) share
the same prominent features that are observed in the C128T vari-
ant [4]. Large amide I difference bands at 1662()/1625(+) cm1
point to substantial alterations in the protein backbone conforma-
tion. The negative band at 1554 cm1 was assigned to the C@C
double bond stretching vibration of the retinal chromophore in
the ground state which shifts to 1533 cm1 in the accumulatedP5203 state. The ﬁngerprint region shows a positive band at
1180 cm1 which indicates the presence of 13-cis retinal with pro-
tonated Schiff base. These retinal vibrations suggest predominant
accumulation of P5203 . In conclusion, the strong similarity of the
light-induced IR difference spectra of the ChR2-C79 and ChR2-
C79/C208 variants in comparison to the C128T variant suggests
identical functionality. Also, there are no indications for an inﬂu-
ence of the bound spin label on the structural changes of ChR2 as
detected by FTIR spectroscopy.
To observe light dependent changes of ChR2, cw-EPR spectra at
room temperature and pELDOR traces at 50 K were recorded for
each sample in the dark as well as after illumination. Samples were
illuminated under identical conditions to those used for FTIR spec-
troscopy before being transferred directly to the spectrometer (for
cw experiments) or rapidly frozen (for ELDOR spectroscopy).
cw-Spectra show that in the dark state the label at C79 is mostly
rigidly attached to the protein while the label at C208 shows a
greater degree of mobility (Fig. 5 in Supporting information).
Although we could detect a slight increase in mobility for C79 upon
light activation, the differences in the cw-spectra between the dark
and the light state are insigniﬁcant. Furthermore, neither the cw-
EPR spectra of ChR2-C79 nor of ChR2-C79/C208 show signiﬁcant
broadening. Additional low temperature X-Band EPR spectra do
not show dipolar broadening either, leading to the conclusion that
there are no interacting close spin pairs present.
pELDOR spectroscopy was utilized to quantify inter-spin dis-
tances. To ensure a proper ﬁt of the background, data sets were
created by combining a short (1.4 ls), high-resolution, low-noise
4pDEER time trace for the initial decay with a long (2.8 ls), low-
resolution 4pDEER trace for background determination. The data
was then phase- and background corrected using a three dimen-
sional homogeneous spin distribution. Spin distance distributions
were then obtained by using the DeerAnalysis program [20],
employing Gaussian distributions to minimize the risk of produc-
ing spurious resolution. A comparison of this approach to the more
standard Tikhonov regularization method is shown in the Support-
ing information (Fig. 6). To stabilize the ﬁt for long dipolar evolu-
tion times it was necessary to treat the data with a hamming
window to prevent background noise from adversely affecting
the ﬁt (Fig. 3a–c).
The pELDOR time trace of the spin-labeled ChR2-C79 variant
(Fig. 3a) shows a fast decay of the signal intensity within the ﬁrst
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Fig. 3. Left column: Background-corrected pELDOR measurements of ChR2 labeled at C79 (a) and C79/C208 (b) in dark and light state. For each data set two pELDOR
measurements of different length were combined, the resulting trace was treated with a hamming window after background correction to stabilize the ﬁt. Right column:
distance distributions of C79- (c) and C79/C208-labeled (d) ChR2. ChR2-C79 shows a broad background with a sharp feature at 3.7 nm that shifts to 4.2 nm upon light
activation. A similar shift occurs in ChR2-C79/C208, with an additional shift of the distribution’s inﬂection point from 5.2 to 5.4 nm.
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spin-label. The distance distribution derived from the time trace
displays a sharp peak at 3.7 nm (Fig. 3b) proving that this ChR2
mutant forms a dimer under our conditions. The C79–C79 distance
is well resolved even though it lacks C34 and C36 reported to sta-
bilize dimerization by bridging the monomers with disulﬁde bonds
[6]. Additionally, a broad background distribution between 2 and
7 nm is observed, most likely due to aggregation of the protein.
The 3.7 nm distance between the spin labels at C79 in the dimeric
protein is slightly larger than the 3.3 nm average distance pre-
dicted by the MMM program [21] but is still in agreement with
the C1C2 chimera structure [6] considering the ﬂexibility of the
spin label. Upon blue-light activation, the low noise part of the
time trace clearly shows a slower signal decay together with a loss
of the oscillation. This is reﬂected in the distance distribution by a
shift of the maximum by 0.5 nm to 4.2 nm together with signiﬁ-
cant broadening. The distance distribution at distances larger than
5 nm is not altered after illumination, indicating that this part is in-
deed not due to a speciﬁc C79–C79 interaction, but rather
aggregation.
The dimeric arrangement of ChR2 yields 4 interacting spins
present in the ChR2-C79/C208 variant with 4 non-equivalent pair
distances. This severely complicates the interpretation of the pEL-
DOR data. However, the low noise part of the time trace (Fig. 3c)
already shows a change between the open and closed states as in
the case for ChR2-C79. The slower decay of the signal in the open
state again indicates a distance increase between the labels com-
pared to the closed state. The oscillation visible in the dark statetime trace for ChR2-C79 is absent in ChR2-C79/C208. Correspond-
ingly, the narrow signal from C79–C79 in ChR2-C79 in the closed
state is no longer discernible in the distance distribution for the
ChR2-C79/C208 variant (Fig. 3d). Signiﬁcant distance contributions
appear in this case already in the 2.5 nm range. Such short dis-
tances are expected for the C79–C208 intra-monomer pair based
on the C1C2 chimera structure [6], while distances in the 4 nm
range are expected for the C79–C208 inter-monomer pairs, over-
laying the signal already identiﬁed as arising from C79–C79. Fur-
ther distances in the 5 nm range are expected from the C1C2
chimera structure [6] for the C208–C208 pair and are visible as sig-
niﬁcant intensity of the distance distribution in this range. The
maximum position of the distance distribution in the dark state
is shifted compared to the distance observed in ChR2-C79
(4.0 nm vs. 3.7 nm, respectively), consistent with the expected
additional distances in the 4 nm range for the C79–C208 intra-
monomer pairs. These additional distance contributions explain
the lack of a visible oscillation in the ChR2-C79/C208 dark state
time trace. The maximum position again exhibits a distinct shift
to larger distances upon light-activation (by 0.4 nm). Interestingly,
both inﬂection points of the distance distribution also shift to lar-
ger distances. The inﬂection point on the short distance side moves
by about 0.15 nm to larger distances, while that on the long dis-
tance side shifts from 5.2 nm in the closed to 5.4 nm in the open
state. The overall shift of the distance distribution is consistent
with an increase of the intra-monomer C79–C208 distance, the in-
ter-monomer C79–C208 distance pair as well as the C208–C208 in-
ter-monomer distance.
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[6], helix F is located remote from the dimerization interface (see
Fig. 1) and a movement of helix F alone should only affect the
C79–C208 and C208–C208 distances. In agreement with EPR
experiments on BR and SRII [10–12], we ﬁnd changes in distances
involving C208 in the F helices. However in addition, we also ﬁnd
considerable changes in the ChR2-C79 variant, which cannot be so-
lely attributed to the movement of helix F. Therefore the C79–C79
distance changes reﬂect additional structural changes either in the
dimerization interface or involving helix B which is adjacent to
C79. A movement of helix B was also observed for BR in the purple
membrane using 2D diffraction experiments with neutrons [23], X-
rays [24–26] and electrons [27]. Such conformational changes are
induced by retinal isomerization which triggers transient proton-
ation changes of the retinal Schiff base and internal amino acid side
chains (D253, D156 and E90) as recently shown by time-resolved
FTIR difference spectroscopy [28]. The large conformational
changes of the protein backbone lead to the transient inﬂux of
water molecules, which tally the onset of cation permeation. De-
spite the fact that the lateral arrangement of the transmembrane
a-helices is different in ChR2 as compared to other microbial rho-
dopsins, the changes in tertiary structure seem to be conserved.
EPR experiments on ChR2 spin labeled at other sites will help elu-
cidating further details of structural changes that accompany chan-
nel opening and closure.
Note added in proof
Similar pELDOR experiments were published by Sattig et al. [29]
during the review process of our work. The measured distances of
the photo-activated states are equal in the variants presented in
both manuscripts. However, our ChR2 variants include the C128T
replacement, which allows photo-accumulating the conductive
(open) P5203 state that precedes the desensitized P
480
4 state
measured by Sattig et al. Thus, the P5203 and P
480
4 states exhibit
the same structural changes in helices B and F, irrespective of their
different ion conductivities. Hence, closing the channel requires
only small structural changes in its interior as inferred from
time-resolved FTIR spectroscopic experiments [28].
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